A spectrometer system consisting of a quartz acousto-optic tunable filter (AOTF) and an echelle grating has been assembled and tested for ICP-AES continuous emission monitoring of heavy metal and actinide elements in stack exhaust offgases introduced into an air plasma. The AOTF is a rapidly tunable bandpass filter that is used to select a small wavelength range (0. 1 to 0.6 am) of optical emission from the air plasma; the echelle grating provides high dispersion, yielding a spectral resolution of approximately 0.004 to 0.008 nm from 200 to 425 nm. The AOTF-echelle spectrometer, equipped with a photodiode array or CCD, provides rapid sequential multielement analysis capabilities. It is much more compact and portable than commercial ICP-AES echelle spectrometers, allowing use ofthe system in field and on-line process monitoring applications. Data will be presented that detail the resolution, detection limits, capabilities, and performance of the AOTFechelle spectrometer for continuous emission monitoring of heavy metals (As, Be, Cd, Cr, Hg, and Pb) and actinides (including U isotopes). The potential use of the AOTF-echelle spectrometer with other emission sources and for other monitoring applications will be discussed.
I introduction
The application of various plasma and electrical discharge sources for monitoring the elemental composition of aerosols, vapors, and airborne contaminants has a long history. ' The energy available in a plasma source such as an inductively coupled plasma (ICP) is sufficient to vaporize and atomize all but the largest airborne particles and to excite these atoms to optically bright atomic and ionic states. The resulting optical emission is sufficiently intense and characteristic to identify and quantify all but a handful ofthe elements at trace levels.2'3 The ICP is a uniquely useful source for these types of measurements due to its extremely high temperature, simplified operation at atmospheric and near atmospheric pressures, and relative insensitivity to changes in the sample matrix.
There are, however, a number of obstacles to the implementation of ICP -atomic emission spectroscopy (ICP-AES) for field applications, such as stack-gas monitoring and air monitoring. First, the standard laboratory-based ICP operates using argon for the plasma discharge gas as well as the gas carrying vapors, aerosols, or particles to the plasma. The use of argon necessitates a continuous supply of argon from cylinders or a dewar, either of which limit the mobility and untended operation of an ICP. Additionally, the argon ICP is somewhat sensitive to the addition of air, especially moist air, as the carrier gas for the sample material. One way to overcome these difficulties is to use air from a compressor as the plasma gas in the ICP. An air-ICP requires a larger power supply and an air compressor for operation, but requires only a small amount of argon when the plasma is ignited, requires no additional gas cylinders for continuous operation, and is easily operated with air or nitrogen as the sample or carrier gas. These characteristics make air-ICP-AES an excellent source for air and stack-gas monitoring. 4'5 Another obstacle to the use of plasma and discharge sources for elemental analyses in field applications is the need for a high-resolution spectrometer that is also portable. A high-resolution spectrometer is required for three reasons. First, the gas streams that need to be monitored consist of relatively complex mixtures of elements with complex spectral interferences. For example, the presence of even moderate levels of iron in a sample stream will lead to such a large number and density of spectral lines that the sensitivity to minor components will be limited by spectral interferences without a spectrometer having high resolution. Second, the generation of a plasma in an air sample stream leads to the excitation of complex molecular spectra as vell as atomic spectra. These dense molecular spectra will also limit the sensitivity of plasma emission techniques unless a high-resolution spectrometer is employed. Finally, the most sensitive or useful spectral lines of the materials that need to be detected or monitored may be so close to each other that a high-resolution system is required to nionitor these materials at reasonable sensitivities and with confidence of unique identification. For example. two conimon heav metals that are of environniental concern are Cd and As, These two elements have relatively strong features at 228.802 and 228.812 nm. respectivel\ . With a separation of onl 0.0 10-nm between peaks. these lines are only useful if they can he resolved. Also, for monitoring the levels of radionuclides. it is important to be able to resolve the emission features t'roni different isotopes in order to measure not just concentration, but also the radioactivity of a sample stream. For example. the activity of a sample containing 1/ may be determined by resolving the U-235 and U-238 (naturally occurring isotopes) with emission features at 424.412 and 424.437. respectively.
Spectrometers with sufficient resolution to perform these tasks exist however, they are large, heavy, expensive. delicate, and relatively slow for multielernent monitoring. None of these characteristics make them suitable for field monitoring applications. These systems are large because. in order to obtain high resolution with a low-order grating, a long pathlength is required, typically 1-to 1.5-rn. They are heavy because such a long spectrometer requires excellent mechanical stability in order to image a 10-to 20-pm slit over such a long distance without instability caused by vibration. This stahilit\ is achieved through sturdy mechanical frames and bulk (several hundred pounds). The' are expensive because of the size of' the components, including large high-quality optics. They are delicate because of the need for mechanical stability over such a long pathlength. Finally, they are relatively slow because the grating must be angle-tuned in order to detect spectral lines more than a few nni apart. even with an array detector such as a CCD. This paper describes a new high-resolution spectrometer that is small, light (46 lbs.), relatively inexpensive, and robust (with no moving parts), that can rapidly switch wavelengths across its spectral range. 'The spectrometer consists of an acousto-optic tunable filter (AOTF). an echelle grating spectrometer, and a CCD array detector. This spectrometer system has been developed for use with an air-ICP for detection of heavy metals and isotopes of actinides in stack-gases. We will present the capabilities of this system, including resolution and limits of' detection in both air and argon ICP-AES. We will also discuss the applicability of the spectrometer to other analytical emission and absorption techniques. 
AOTF
The AOTF is a solid-state crystalline device that transmits a narrow range of wavelengths, tuned by changing the frequency of an applied rf field. An AOTF may be switched rapidly (in milliseconds) between two wavelengths, anywhere in its spectral range, simply by changing the applied frequency. The speed of this tuning is limited by the speed of the electronics and the speed of an acoustic wave within the crystalline material. The AOTF used in this spectrometer is a quartz crystalline device produced by the Brimrose Corp. of America. Typical AOTF devices used in the visible and near-infrared are made of Te02. These devices are non-collinear, i.e. they deflect the selected wavelength from the main beam (one polarization in one direction and the other polarization an equal angle in the opposite direction). A quartz AOTF does not significantly deflect the selected wavelength from the main beam, and is thus called a collinear AOTF. It does, however, rotate the polarization of the selected wavelength by 900.67 In order to select the wavelength of interest, the AOTF is placed between two crossed MgF2 Rochon polarizers (Optics For Research, Inc.). Light incident on the 0.5-mm input aperture is collimated by a 25-mm diameter, 75-mm focal-length plano-convex quartz lens. The first polarizer separates the incident light into two polarized beams, and the horizontally polarized beam (deflected vertically by 2°) is blocked by the AOTF housing. In the AOTF crystal, the polarization of the selected wavelength is rotated by 90°. The transmitted beam passes through the second polarizer, which deviates the vertically polarized beam horizontally and transmits the selected wavelength to the imaging optic (a 12.5-mm diameter, 25-mm focal-length biconvex quartz lens) and the to entrance slit of the echelle spectrometer. The AOTF is operated using a 12-W rf driver that is tunable from 250-90 MHz. This tuning range results in an AOTF wavelength range from 200 to 425-nm. The drive frequency is controlled through a parallel port connection to a laboratory computer. The wavelength tuning ofthe AOTF is calibrated using multiple emission lines (at least 20 to more than 50) from an argon ICP over the entire wavelength range. The observed wavelength and frequency pairs are calibrated using a fifth order polynomial fit to provide a wavelength calibration with an accuracy of approximately 0.05-nm. The bandwidth of the light transmitted through the second polarizer varies from 0.1-nm at the low wavelength (200 urn) to 0.6-nm at the high wavelength (425 nm). This bandwidth is much less than the width of an order of the echelle grating. Therefore, the AOTF serves as an order-selecting device for the echelle grating.
Echelle
The adjustable entrance slit (Acton Research Corp.) for the echelle portion of the spectrometer is set to 15 jm when using the CCD detector or 25 m when using the photodiode array (PDA), to match the pixel size of the detector. When the CCD is used a shutter is mounted on the inside ofthe slit to eliminate exposure ofthe CCD detector during readout. The slit height is approximately 3 mm, although the image of the first input aperture at this point is significantly smaller. The light transmitted through the slit is collimated by the first mirror. This is a 50-mm diameter, 0.76-m radius-of-curvature concave spherical mirror (Optics for Research), with an aluminum reflective coating and a MgF2 protective coating, placed 0.38-rn from the entrance slit. The collimated light from this mirror is reflected onto the echelle grating. This grating is 60-mm high by 1 50-mm wide, blazed at 70° with a 52.676 G/mm ruling (Richardson Grating Laboratories). When an echelle grating is illuminated at the blaze angle (Littrow configuration), the strongest order is reflected directly back on the incident beam.8 The grating in this spectrometer is rotated from the Littrow angle by approximately 5° in order to separate the incident and reflected beams (by 10°). This grating operates in 178th order at 200 nm through 84th order at 425 nm. All ofthese orders are spatially superimposed, but only a narrow band of light (less than the width of one order) is transmitted by the AOTF portion of the spectrometer. The reflected beam is focused at the detector using another 50-mm diameter, 0.76-rn curvature mirror. In order to simplify the mounting of the detector on a rectangular case, a flat folding mirror is located between the imaging mirror and the detector (see Figure 1 ). This is a 75-mm diameter aluminum-coated mirror with a MgF2 protective coating (Newport Corp.). The curved mirrors are mounted in Gimbal mounts and the grating is mounted on a micrometer-adjusted rotation stage (all from Newport, Corp.), with the center ofthe front surface ofthe grating located at the axis ofrotation. The flat folding mirror is mounted in a kinematic mount (Thorlabs, Inc.).
Detector
Most of the experiments described here were performed using an ISA Spectrum One CCD-2000 detection system. The detector is a back-thinned, 2000-by 800-pixel array. Each pixel is 15-by l5-im. The detector is cooled to -35 °C with an integral dual-stage thermoelectric cooler. Some initial experiments were performed using an EG&G PAR Model 1453 PDA. This detector is a linear array of 1024 diodes, 25-by 2500-.tm in size. The PDA is cooled to -10 °C with a singlestage thermoelectric cooler. The CCD is significantly more sensitive than the PDA, due to significantly higher quantum efficiency and lower readout background. The detector is mounted on an adjustable flange attached to the side of the spectrometer enclosure, so that the location (position in the focal plane) and rotation of the detector array can be adjusted for optimum resolution.
Software and Control
The spectrometer is controlled and data accumulated and analyzed using a custom software package developed using LabWindows/CVI (National Instruments, Inc.). This software package allows the operator to calibrate and tune the wavelength of the AOTF and accumulate data using either the CCD or PDA detection system. It includes support for realtime spectral monitoring, accumulation of spectra with background subtraction, monitoring the time evolution of individual peak intensities, calibration and determination of concentrations for multiple analytical lines in a rapid sequential manner, determination of concentrations using standard addition methods, and unattended continuous monitoring of multiple analytical lines.
!CP Operation
Experiments at Ames Laboratory were conducted using a PlasmaTherm Model HFL5000D, 40 MHz, 5 kW ICP system. The ICP was operated using a low-flow torch (Precision Glassblowing of Colorado) in order to allow operation on air as well as argon. This torch has a reduced outer annulus width (0.5 mm) compared to a standard ICP torch (1 mm). For experiments using argon gas, the plasma was operated at I .0 kW with gas flows of 14, 0.8, and 0.7 1pm for the outer, intermediate, and sample channels, respectively. In order to operate on air, the plasma was first ignited using argon and then gradually switched to compressed air.9 The air plasma was operated at 3.0 kW with gas flows of2O, 0.8, and 0.7 1pm for the outer, intermediate and sample channels, respectively. Dry aerosols were produced using a CETAC U5000-AT ultrasonic nebulizer. These aerosols were carried into the ICP in the sample gas flow. Spectral emission from these samples in the plasma was imaged onto the entrance aperture of the spectrometer using a single 100-mm focal-length, 25-mm diameter, quartz lens. The observation height was optimized individually for the argon and air plasmas due to differences in temperature profiles in these sources. 4 The height for the argon plasma was approximately 15-mm above the load coil; it was approximately 5-mm for the air plasma. Experiments at Mississippi State University and the field system utilize a Seren Systems Model IPS 3500 ICP with a custom torchbox assembly, and the same type of ICP torch as is used at Ames Laboratory. This system uses a solid-state generator and is therefore significantly more portable than the PlasmaTherm system. We have combined the AOTF-echelle spectrometer with the portable air-ICP at Mississippi State University in order to prepare for future field demonstrations. Previously this air-ICP was combined with an AOTF-Fabry-Perot spectrometer'°a nd a 1-rn focal-length ISA Model 1704 Czerny-Turner spectrometer for tests of the air-ICP as a stack-gas monitoring system .
Measurement of Resolution
Mixtures of analytical standards were prepared and analyzed in the argon ICP in order to determine the resolution of the AOTF-echelle spectrometer as a function of wavelength. These analyses included closely-spaced lines of individual elements, mixtures ofheavy metals such as As and Cd, and isotopic mixtures ofU-235 and U-238.
Determination of Limits of Detection
Limits of detection (LOD) were obtained by determining the average integrated intensity (Iavg) for analytical lines with a standard solution in the argon or air ICP for 30 consecutive 1-s exposures, subtracting the average background intensity Obkgd) for 30 consecutive 1-s exposures with the AOTF driver amplitude at zero, and determining the standard deviation cbkgd of3O consecutive 1-s exposures with a water blank in the ICP. The limit ofdetection was calculated as:
where Ctd is the concentration of the element in the standard solution. These measurements were obtained for a number of elements and for strong emission lines throughout the wavelength range ofthe AOTF-echelle spectrometer.
3.Results and Discussion

1.
Spectrometer Resolution Figure 2 shows a plot of the dispersion of the AOTF-echelle spectrometer as a function of wavelength. Typical instrumental widths (FWHM) for this instrument are 3 pixels (0.045 mm) using the CCD detector. This corresponds to an instrumental linewidth of 0.004-nm at 200 nm and 0.008-nm at 425 nm. Therefore, the resolving power of the instrument is approximately 1 in 50,000. Figure 3 shows some spectra that illustrate the excellent resolution of this spectrometer. This Ray tracing calculations for the AOTF-echelle spectrometer were performed using the BEAM 4 software package (Stellar Software). Figure 4 shows the observed and calculated lineshapes for a helium-cadmium (HeCd) laser, 441 .56 nm, using the PDA detector and 25-tm slit width. The dominant factor in the width of this line is coma. This factor could be minimized with specialized optics. However, there appears to be no need to use such expensive optics for the current system, since the instrumental resolution with simple spherical optics is sufficient for ICP analyses. 
Limits of Detection
Limits of detection for a number of emission lines of several elements in an ICP are presented in Table 1 . The third column in this table is the solution detection limits (in ppm) for these emission lines using the AOTF-echelle spectrometer. The fourth column is a list of published detection limits for these lines from Winge, Ct al.2 using a 1-rn focal-length CzernyTurner spectrometer and a PMT detector. The fifth column is the ratio of these detection limits. All but one of the ratios above 275 am are within an order of magnitude of unity, some being better and some worse. Below 275 nm, the transmission efficiency of the AOTF-echelle spectrometer drops off in comparison to the system used by Winge. This is likely due to increased absorption in the quartz AOTF, as well as minor contributions from absorption in the polarizers and a drop in the quantum efficiency of the CCD below 250 nm. The AOTF device remains relatively efficient from 250 to 200 nm (approximately 50% transmitted on peak for one polarization compared to the signal measured for uncrossed polarizers with the AOTF off). However, the crystalline device itself is a few cm long, as are each of the MgF2 polarizers, so some loss in transmission may be expected. Column 6 presents detection limits for some of these emission features in the air-ICP using the AOTF-echelle spectrometer. Finally, column 7 is a comparison of the Ar-and air-ICP values obtained in this work. Again, all but one of these values are within an order of magnitude of unity, some better and some worse. The general trend in the air-to Ar-ICP detection limit ratio is consistent with excitation energy considerations for these two plasma systems; i.e. detection limits for emission lines having high excitation energies (> 12 eV) are generally poorer in an air-ICP compared to the Ar-ICP.4 polarizers, and the AOTF efficiency through its wavelength range varies from 20 to 50%, for an overall transmission efficiency of this portion of the spectrometer of only 10 to 25%. Despite this limitation, the detection limits are still very good. In addition, the advantages afforded by the rapid tuning ability of the AOTF make it ideal for continuous detection of multiple emission features at widely-spaced wavelengths. Finally, the current system is a very rapid sequential spectrometer rather than a simultaneous instrument like some commercial two-dimensional echelle spectrometers. However, the potential use of multi-wavelength AOTF devices to provide simultaneous detection of multiple emission lines with the system is being investigated. The bandpass of the AOTF is sufficiently narrow to enable several features from different orders to be imaged simultaneously on a linear array without mutually interfering. For example, the spectra of the most useful lines for As, Be, Cd, Cr, Hg, Pb, and U may all be transmitted to the detector with no overlap ofthe AOTF spectral bands.
Other Applications
The AOTF-echelle spectrometer may be used in any application that requires sensitive and high-resolution detection of spectral features. Many of the methods being examined for spectral detection of environmental contaminants would benefit from this technology, including microwave induced plasma, laser-induced breakdown spectroscopy (LIBS), and spark spectroscopy. We have discussed application ofthis technology with groups working in each ofthese fields. The AOTFechelle may also be used as a tool for analyzing the isotopic composition ofradioactive waste and nuclear fuel materials containing uranium, thorium, or plutonium. Another potential application is in passive remote sensing where high resolution and sensitivity are needed in a device that is compact and sufficiently robust to be carried under a plane or helicopter. We are currently pursuing collaborations in all of these areas. The AOTF-echelle spectrometer can be used to make any laboratory high-resolution optical technique into a field technique.
4.Conclusions
The AOTF-echelle spectrometer developed in this study was designed to provide a small, light, inexpensive, sensitive, high-resolution detection system for air-ICP-AES detection of heavy metals and actinides in air and stack gases. It meets all of these needs and exhibits sensitivity and resolution comparable to much larger commercial spectrometers. The characteristics that make this system useful for this application make it an attractive candidate for a number of other field environmental and monitoring techniques. Future studies will include the development of simultaneous detection capabilities, field tests ofthe air-ICP-AES technique, and application with a variety ofother emission sources.
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